During underground hard-rock mining, the drilling and blasting method currently remains the most economical excavation method, and the rock may experience a multistrain-rate spectrum under quasi-static, dynamic, and rheological loading conditions and their combination as well. e study on the damage mechanism of rock under multistrain-rate condition that induced by mining excavation is the fundamental issue for predicting the mining-induced hazards such as rockburst. In this study, the state of the art of rock damage and failure under different strain rates is reviewed first. en, the numerical model for rock failure under multiple strain rates is formulated when the rock damage is taken as the main thread. Meanwhile, we summarize our work in this area over the past ten years, and the constitutive law for the damage and failure of rock under multistrain rates is presented. Finally, several numerical examples, i.e., rock damage and failure under combined static and dynamic load, rock damage and failure triggered by dynamic stress redistribution due to excavation, rock damage and failure induced by blasting, and rock damage and failure due to the combination of dynamic disturbance and rheological load, are presented. Based on these numerical simulations, the associated rock damage mechanism and failure behaviors under differently combined multiple strain rates are clarified, which may provide a theoretical basis for clarifying the rock failure mechanism during rockbursts and rock blasting. Also, further studies on the damage and failure of rock under multiple strain rates are suggested.
Introduction
e mineral resources are the material bases of economic development and national security. e depletion of shallow ore reserves is forcing human to exploit reefs at everincreasing depths [1] . Underground mining is now extracting mineral resources at the depth that would have been thought un-minable previously [2] . ere are over 100 mines currently developing at depths more than 1000 m, e.g., Tau Tona, Savuka, Mohab Khotsong, Elandsrand, and Mponeng mines in South Africa; Laronde, Creighton, Kidd "D," Craig, and Fraser mines in Canada; Enterprise, Mount Magnet Hill 50, Otter-Juan, and Perseverance mines in Australia; Galenna, Sun shine, and Henderson mines in America; Champion Reef, Nundydroog, and Mysore mines in India; and Kristineberg, Kiirunavaara, and Malmberget mines in Sweden [2, 3] . In China, Hongtoushan, Dongguashan, Huize, Fankou, and Zhaogezhuang mines are also developed below 1000 m. In future, more and more mines will go deeper and deeper in China.
Deep mining is a very challenging task, where the underground rockmass is under the so-called H3-D1 (e.g., high geo-stress, high geo-temperature, high fluid pressure, and strong mining-induced disturbance) conditions [4] . In this respect, the H3 environment is the natural hotbed for mining-induced hazards, while D1-induced multistrain-rate disturbance induced by excavation is the key artificial factor to trigger the mining-induced hazards. As for underground mining, the drilling and blasting method currently remains the most economical excavation method for underground hard-rock mining, which poses one of the most important dynamic disturbances. In terms of rockburst in deep mining, it is generally acknowledged that the main reason for the rockburst is the abrupt release of elastic strain energy [5] . However, the sufficient strain energy is the only prerequisite of the rockburst; in this respect, D1 (mining-induced disturbance) is the key factor to trigger the rockburst [6] [7] [8] . Deep rockmass is usually under a state that transits from stable to unstable equilibrium; it is prone to rockburst due to the mining-induced disturbance.
As for the dynamic disturbance of rock blasting, it is generally considered that the blasted rock is subjected to a strain rate in the range of 10 −8 -10 4 s −1 [9] . Both the theoretical study and field investigation indicate that it takes only several to tens of milliseconds for the formation of a new open surface [10] . Hence, during underground excavation, the release of in situ stress can induce a strong unloading wave to the surrounding rockmass. Blasting excavation changes the rockmass structure of the mining area, which causes the stress redistribution of the surrounding rockmass. e local stress concentration can induce the damage and fracture and even failure of the rockmass, especially in deep mining. is phenomenon reflects the quasi-static effect of excavation. In addition, blasting vibration is one of the main sources of dynamic disturbance. ere are many roadways and stopes are excavated in underground mines, during which the blasting may induce the vibration of existing adjacent opening. When the compressive wave reaches the free surface of rockmass, the reflected wave induces a tensile stress and tensile spalling because the tensile strength of rockmass is low [11] . is is also one mechanism associated with the rockburst triggered by dynamic disturbance [7, 8, 12] .
Moreover, mining-induced hazards such as rockburst do not always occur during blasting; instead, a large number of evidences in the field investigation suggest that rockburst often lags behind the blasting, especially in the high stress level.
is is because rock has rheological characteristics, suggesting time-dependence of rockburst that is triggered by rock blasting [1, 13] . In most cases, even though blasting vibration may not induce the instant rock failure, multiple blasting vibrations may induce the accumulation of rock damage and growth of pre-existing cracks, facilitating the rock creep. On the other hand, this phenomenon becomes more pronounced with the increase of mining depth because there is vast energy stored in the rockmass, especially in the blasting-induced excavation damage zone (EDZ). is is the mechanism for time-lagged rockburst.
In this respect, during the drilling and blasting, the blasting stress wave, blasting-induced gas pressure, transient unloading, quasi-static secondary stress, and rock rheology may all contribute to the damage and unstable failure of rockmass, which spans about 12 orders of magnitude of strain rate from rheology to impact loading [14, 15] .
erefore, the rockburst mechanism in deep mining is usually associated with the multistrain-rate damage and failure of rock under the combined dynamic, quasi-static, and rheological loading conditions, which poses a big challenge for the prediction of rockbursts. However, currently, there are few studies that could cover the multistrainrate response of rock as a whole process, either in theoretical model or numerical simulation.
In this study, when the rock damage is taken as the main thread, the state of the art of rock damage and failure induced by multistrain-rate (i.e., quasi-static, dynamic, combined static and dynamic, and rheological) conditions is reviewed first. en, in consideration of the multistrain-rate effect of rockmass induced by deep mining, several examples, e.g., rock damage and failure under multiple strain rates ranging from rheological, quasi-static, and dynamic loading conditions, are demonstrated with numerical simulations, which may provide a theoretical basis for clarifying the mechanism of mining-induced hazards.
Review of Rock Damage and Failure under Multistrain-Rate Loading Conditions
In this section, the damage and failure of rock under multiple strain rates are reviewed, where the damage of rock is considered as the main thread. Based on this review, the general-purpose constitutive law for rock damage is presented in Section 3.
Rock Damage and Failure under Quasi-Static Loading.
While the damage and failure of rocks is highly desirable during the excavation process, it should of course be avoided or at least controlled for the safety of the rock engineering [16] . For this reason, the damage and failure of rock has been one of the most important topics in rock mechanics. Much of the early work on rock mechanics is based on the theory of elasticity and failure criterion, especially for rock under quasi-static loading. However, it usually ignores the critical role of structural features of rockmass. A particularly important event in the development of the subject is the merging of elastic theory with the discontinuum approach [17] . Hereafter, the theory of plasticity, fracture mechanics, damage mechanics, fuzzy mathematics, fractal theory, grey theory, etc. are all applied to study the rock damage and failure under quasi-static loading [18] . e laboratory test is the main method to study the rock deformation and damage and failure processes. In experimental rock mechanics, important developments were made between 1945 and 1960, based on laboratory large-scaled experimental works conducted by Mogi [19] ; the friction of discontinuities studied by Jaeger [20] and large-scale triaxial tests performed by Blanks and McHenry [21] . In addition, studies by Rocha et al. [22] and John [23] motivated a more common use of large-scale field shear failure testing of rock discontinuities. Carneiro [24] developed an indirect tensile method for determining the tensile strength of rock called the Brazilian test. Another important advance in rock testing was the development of stiff and servo-controlled testing machines [25] . After the establishment of the ISRM Commission on Testing Methods in 1966, a number of suggested testing methods for rock were developed and improved [16, 26] . In addition, the applications of X-ray, SEM, infrared remote sensing, laser speckle, acoustic emission, etc. provide more effective ways for disclosing the intrinsic mechanism for rock damage and failure.
In the aspect of numerical modeling, different numerical methods have been developed for the rock progressive failure simulation. Generally, they are categorized into two groups: continuum-based methods, e.g., finite element method (FEM), finite difference method (FDM), and boundary element method (BEM) and discontinuum-based methods, e.g., discrete element method (DEM), discrete fracture network (DFN), and discontinuous deformation analysis (DDA) [27, 28] . ere are also some hybrid methods coupling continuum and discrete approaches, e.g., hybrid FEM/BEM, hybrid BEM/DEM, and hybrid FEM/DEM. e recently developed numerical manifold method (NMM) is a promising method because it is treated as a combination of FEM and DDA [29] [30] [31] . Nowadays, the research on continuous-discontinuous simulation of rock is still a hot spot in rock mechanics.
e field study on rock mechanics problems, such as the rockburst induced by deep-level hard-rock mining, had been conducted in South Africa since 1953 [32, 33] . e similar rockburst study was experienced at the Kolar goldfield, India in the 1960s [34] . Moreover, in order to examine the excavation damaged zone (EDZ), many field laboratories were established, such asÄspö Hard Rock Laboratory (HRL) [35, 36, 37] in Sweden, AECL Underground Research Laboratory (URL) [38, 39, 40] in Canada, Kamaishi mine [41] and Mizunami Underground Research Laboratory [42] in Japan, Mont Terri Rock Laboratory [43, 44] and Grimsel Test Site [45] in Switzerland, Mol Underground Research Laboratory [46, 47] in Belgium, and Meuse/Haute-Marne Underground Research Laboratory [48, 49] in France. In China, the rockburst studies in the tunneling of Jinping project made significant contributions to the development of rockburst prediction [50, 51] . Although those underground research laboratories are not designed for mining application, they provide deep insight into the rock damage in response to underground excavation.
Rock Damage and Failure Induced by Dynamic Loading.
e principles of brittle materials such as rock and concrete under dynamic loading have been extensively reviewed [15, [52] [53] [54] [55] . One of the most widely used loading techniques for the purpose of performing tests and investigating dynamic behavior of materials is the SHPB device developed by Kolsky [56] . Davies [57] improved the measurement technique by utilizing parallel plate and cylindrical condenser microphones to electrically measure the stress wave. Kolsky [56] developed the split bar system, which included two bars with a specimen sandwiched in between, and obtained the dynamic relationship between stress and strain for several materials including polythene, copper, lead, and so on. Krafft et al. [58] applied a striker bar to produce a repeatable impact stress wave and the strain gauge to measure the stress waves, which has become a standard measurement technique. Lindholm [59] combined previous modifications and designed an updated version of the Kolsky bar system, which became a template of the current SHPB system. Recently, suggested methods for the dynamic SHPB test for determining the dynamic strength parameters and mode-I fracture toughness of rock materials are proposed [60] . e SHPB tests are based on two fundamental assumptions. One is the one-dimensional elastic wave propagation in the bars; the other is the stress uniformity in the rock specimen during the dynamic loading. e assumption of one-dimensional elastic wave propagation is affected by two factors: inertia effects and dispersion effects. e stress uniformity in the rock specimen is affected by inertia effects and end friction effects.
Due to Poisson's ratio effect, the stress wave propagating in SHPB tests causes inertia and influences measured mechanical properties. Davies and Hunter [61] firstly investigated the inertia effect and suggested that there exists an optimal length-to-diameter ratio to minimize it. For the inertia effect, significant progress has been conducted in experimental tests [62] , theoretical investigations [63] , and numerical simulations [64] [65] [66] .
e end friction between the specimen and the loading device may lead to a complex stress state of multiaxial compression which influences the accuracy of the testing results. Friction effects can be lessened by minimizing the area mismatch between the specimen and the bars [67] , by an optimal length-to-diameter ratio [61, 68] and by using lubricants [69] and ring specimens [62, 70, 71] .
e effects of dispersion accumulate with wave propagation over distance and the bar diameter increase. For wave dispersion, analytical, numerical, and experimental corrections were conducted [72] [73] [74] . In order to minimize the effects of dispersion and inertia for maintaining the onedimensional wave propagation and facilitate dynamic stress equilibrium in the specimen, several methods are designed to change the shape of the incident wave and slow down its rising. One way is to place a small thin disc made of soft materials between the striker and the incident bar [75, 76] . Another way is placing a pulse shaper rod [77] or the extra sample (the same material as the tested) between the striker and the incident bar [78] . e third way is to design variable geometry of the striker. Tapered and cone-shaped strikers are used by [60, 74] to generate an approximate half-sine incident waveform. In this respect, half-sine incident wave is easier than rectangular wave to achieve the dynamic stress equilibrium and constant strain rate in the rock sample.
e dynamic mechanical behavior of rock materials has been extensively studied since significant progress in experimental methodology, including the dynamic compressive strength and dynamic stress-strain curve [75, [79] [80] [81] [82] , dynamic tensile strength [83] [84] [85] [86] , dynamic bending strength [87] , dynamic shear strength [88, 89] , dynamic triaxial strength [90, 91] , dynamic fracture [92] [93] [94] [95] [96] , and coupled compression-shear failure [97] .
e strength of hard rock under dynamic loading increases with the strain rate, showing strong strain-rate dependency [83] . At lower strain rates, strength increase is very gradual and constant, and above a certain strain rate, the increase in strength with strain rate is drastic. is transition occurs at a strain rate between 10 −3 and 10 2 s −1 , which may be dependent on the rock type [14] [88, 98, 99] . Dynamic tests on sandstone for measuring dynamic tensile strength and strain rate were carried out using underwater shock waves under the strain rate ranging from 10 to 40 s −1 [100] . e pneumatichydraulic testing machine has been developed for studying the strain rate ranging from 10 0 s −1 to 10 1 s −1 , and dropweight machines have been used to achieve strain rate ranging from 10 0 s −1 to 10 2 s −1 [15] . e dynamic Brazilian test of rock specimens was conducted with the pendulum hammer-driven SHPB test in order to determine the tensile strength of rock under an intermediate strain rate ranging from 5.2 to 12.9 s −1 [101] .
Rock Damage and Failure Induced by Combined Static and Dynamic Load.
During the underground excavation with the drilling and blasting method, rockmass is subjected to the high-in situ stress firstly and subsequently disturbed by the blasting, which is a process of combined static and dynamic loading. Compared to cases that are subjected to static loading or dynamic loading separately, the rock behaves differently under combined static and dynamic loading. erefore, it is of great importance to consider the damage and failure of rock under combined static and dynamic loading, in order to clarify the rockbursting mechanism triggered by dynamic disturbance. Christensen et al. [102] and Lindholm et al. [103] performed some of the most pioneering work subjecting the specimen to hydrostatic pressure before axial impact load. Two pressure chambers (a confining pressure vessel and an axial pressure vessel) are introduced by Frew et al. [104] , where the axial pressure supplied by the axial pressure vessel and the lateral pressure supplied by the confining vessel create a hydrostatic pressure before axial impact. In addition, based on the ISTRON1342 electro-hydraulic servo testing machine, a combined static and dynamic loading testing system was developed by Zuo et al. [105] .
e SHPB apparatus was modified for rock subjected to combined static and dynamic loads, which was able to study the failure of the statically loaded rock specimen subsequently triggered by dynamic disturbance under high strain rate [106] [107] [108] . e dependency of rock strength on strain rate and static stress level is examined, and the damage and failure mechanism of rock during combined static and dynamic loading were investigated. Cui [109] and Gong et al. [110] studied the mechanical response and failure characteristics of rock under three-dimensional combined static and dynamic loads, considering the effects of axial static stress, confining pressure, and dynamic stress. Li et al. [111] found that the strengths of rock material under coupled static and dynamic loads are generally higher than the uniaxial static compression strength and dynamic strength under only impact loads. e mechanisms associated with the increase of dynamic strength of rock subjected to the combined static and dynamic loading are clarified using the simulator RFPA-Dynamics by Zhu et al. [112] . Jia and Zhu [12] studied the rockburst mechanism in jointed rock mass under dynamic load based on coupled static-dynamic analysis. Zhou et al. [113] investigated the dynamic tensile behavior of granite rocks under combined static and dynamic loads using the Brazilian disc. Wu et al. [114] studied the influence of static pre-tension on the dynamic tensile failure of rocks and found that the dynamic tensile strength decreases with the increase of the pre-tension. Liu et al. [115] studied the influence of bedding direction on the strength of rock under combined static and dynamic uniaxial compressions. Wu [116] reported an experimental observation of the slip initiation of granular gouge friction in a rock discontinuity triggered by static and dynamic loads at a wide range of loading rates. Zou et al. [117] studied different mechanical and cracking behaviors of single-flawed brittle gypsum specimens under dynamic and quasi-static loading.
Rock Damage and Failure Induced by Blasting.
e drilling and blasting method has been widely used in underground excavation and construction, and it is still a popular method of rock fragmentation. So, blasting is the major source of dynamic loads in rock engineering. Proper design and control of blasts as well as prediction of blasting results has become imperative in many operations. erefore, a lot of works are done on damage and failure during rock blasting.
Some investigators consider the major portion of fragmentation to be caused by the initial explosive stress pulse [118, 119] . Others think the action of the gas pressure plays a dominant role in the rock-blasting process [120, 121] . Afterwards, a comprehensive theory concerned with the combined effects of both stress wave and gas pressure and their interaction is devised [122] . In order to clarify the respective roles of stress wave and gas pressure in the rock fragmentation during blasting, Kutter and Fairhurst [122] studied the fracture process around the borehole by separating the two principal blast forces. e gas pressure was shown to play an important role in blasting, but it was also shown to be only effective if the cavity and free surface have been preconditioned by the stress wave. Hereafter, many studies have revealed that the stress wave is responsible for initiation of the crushing zone and the surrounding radial fractures, while the gas pressure further extends the fractures (Figure 1 ) [123] [124] [125] .
As for the excavation-induced response of rock blasting, as early as 1966, Cook et al. [126] pointed out that the impulsive release of load during excavation could cause the over-relaxation of the loaded rock, generating tensile stresses. Abuov et al. [127] pointed out that the unloading wave was induced with the formation of a new free surface, and a rockburst might occur when the potential energy of compression reached a specific level. Cai [18] deemed that, in addition to blasting stress wave and blasting gas pressure, dynamic unloading was another factor that contributed to the blasting-induced rock damage. Zhou and Qian [128] and Li et al. [129] took the stress redistribution as a dynamic process to interpret the tension-compression alternation and zonal disintegration phenomena around the deep tunnel. Lu et al. [10] studied the process of in situ stress release accompanying rock fragmentation by blasting and the dynamic response of rockmass induced by the transient unloading. Tao et al. [130] investigated the unloading failure mechanisms of hard rock in a confined state during the unloading process. Zhu et al. [131] revealed transient unloading could cause tensile stress near the free excavation surface, which might result in tensile failure of the surrounding rockmass. Fan et al. [132] discussed the influence of unloading rates on the strain-burst characteristics during the excavation of deep-rockmasses. Li et al. [133] studied the influence of unloading disturbance on the adjacent tunnel. Yang et al. [134] investigated the influences of blast loading, dynamic unloading, and the combined effects on the rockmass vibrations, respectively.
During rock blasting, the blasting-induced responses, e.g., rock fragmentation, failure pattern, and excavation damage zone are what we concerned most. In the laboratory and field experiments, Bergmann et al. [135] investigated the effects on blasting results of explosive energy, pressure, detonation velocity, and density as well as the effects of geometric factors such as burden distance. Fourney et al. [136] studied the effect of stemming on crater-blasting fractures and assessed the validity of small model testing to predict results for larger-cratering tests. Badal [137] studied the controlled blasting in jointed rocks to explain the explosive-induced damage and failure development. Cho et al. [138] investigated the effect of the notched guide hole on failure pattern control in blasting. Saiang [139] investigated the blast-induced damaged zone around excavations and rock parameter sensitivity. Lu et al. [140] analyzed the influence of excavation sequence on the propagation of cracks during contour blasting. Zhu et al. [141] observed the crack distribution of concrete specimens subjected to high-pressure air blasting. Zhang et al. [142] developed a system for blasting under static stress and investigated the influence of static stress on explosion crater.
Numerical approaches were widely used to study the rock blasting. Grady and Kipp [9] thought that the dynamic fracture of rock-like materials is a process of continuous accumulation of damage, which promoted the research of rock dynamic failure mechanism. Yang et al. [143] developed a blast damage model to model rock damage resulting from impulsive loading which can reproduce the field observation well. Hao et al. [144] developed an anisotropic damage constitutive model to simulate the propagation of blasting stress wave and associated rock damage. Ding and Zheng [145] developed a blasting model fit for loosening blasting and achieved the simulation of blasting vibration. Zhu et al. [146] simulated the rock blasting-induced crack initiation and propagation using Autodyn 2D and discussed the influence of blasting parameters on the rock-blasting results. Ma and An [147] simulated the blasting-induced rock fractures using LS-DYNA and explored the influences of the key parameters on the rock failure pattern during the smooth blasting. Ning et al. [148] modeled blast-induced rockmass failure via the discontinuous deformation analysis (DDA). Yilmaz and Unlu [149] took into account four different explosive-rockmass combinations to investigate blast-induced damage zones. Yan et al. [150] modeled the dynamic cracking and casting process of bench blasting with consideration of blasting fragmentation size using the three-dimensional distinct element code (3DEC). An et al. [151] implemented a hybrid finitediscrete element method (FEM-DEM) to simulate rock fracture and resultant fragment muck piling in various blasting scenarios.
Currently, it is generally agreed that the rock around the blast hole is subjected to the following phases of loading: (a) dynamic loading, during detonation of the explosive charge, and generation and propagation of the stress wave in the medium; (b) quasi-static loading, under the residual blasthole pressure applied by the explosion gas; (c) release of loading, during the period of rock displacement and relaxation of the transient stress field [11] . Based on the above literature reviews, in this study, we attempt to characterize the rock-blasting damage as a gradual multistrain-rate process with a general-purpose damage-based model, in order to numerically simulate the rock damage and failure induced by blasting.
Rock Damage and Failure under Rheological Load.
It is generally considered that rheology is one of the key reasons inducing the instability of the surrounding rockmass. Laboratory tests and in situ rheological observations are the major methods employed to study time-dependent behavior of rock [152] . ree regimes are usually observed during brittle creep experiments (when the measured strain is plotted against time): primary creep or transient creep (with decelerating strain rate), secondary creep or steady-rate creep (with constant strain rate), and tertiary or accelerating creep (with accelerating strain rate) [153] [154] [155] . During primary creep, the strain rate usually decreases as a power law of the time since the stress change [156] . e strain rate during secondary creep is nearly constant and strongly depends on the applied stress. Usually, an exponential law Shock and Vibration 5 and a power law provide a good fit to experimental measurements of the strain rate during steady-rate creep [156, 157] . In this regard, Brantut et al. [158] indicated that the strain rate during the so-called secondary creep is, in fact, never constant; it is simply an inflection period during which the strain rate remains close to or at its minimum for an extended period of time. ey suggested using a decelerating and an accelerating portion to describe the creep curve [158] . During tertiary creep, creep experiments on heterogeneous materials have revealed a power law acceleration of the strain rate [159] [160] [161] . In this respect, a power-law model has been applied to fit the tertiary creep curves for a series of experiments with different constant applied differential stresses [162, 163] . Creep tests have also been carried out on soft rocks such as lignite, tuff, shale, and sandstone, medium-hard rocks such as limestone, marble, and rock salt, and hard rocks such as andesite and granite [153, 156, [164] [165] [166] [167] [168] [169] [170] . ese experiments were mostly conducted under uniaxial compression. ere are few studies using creep tests under a tensile-loading regime [171] .
Although the laboratory experiment is the fundamental prerequisite for our understanding of time-dependent deformation of rocks, some experiments can be rather unfeasible in laboratory due to the complexities and difficulties in performing them and the unacceptably long test period. A number of approaches have been developed to model the time-dependent deformation of rocks. In general, creep models can be divided into two categories: phenomenological approaches and micromechanical approaches [172] . It should be noted that these approaches can often be cooperative rather than competitive.
Phenomenological models are developed on the basis of empirically observed internal variables [173] or the superposition of several viscous and elastic elements [174, 175] . Constitutive laws, based on laboratory experiments, provide a relation between strain, stress, and strain rate [173] [174] [175] [176] [177] [178] [179] [180] .
ese models are normally defined using a logarithmic function, a power function, and other differential equations to reproduce the behavior of different types of rocks under different loading conditions (creep, constant stress rate, or strain rate). However, the inherent physical mechanisms of creep deformation are not accommodated in empirical models, so the key mechanical parameters remain unclear in physics. In the aspect of component models, they included the linear superposition of some viscous and elastic elements, such as the linear Burgers body [171] . But none of these linear models can explain the stage of nonlinear-and unstable-accelerating creep. In order to explain this phenomenon, more complex models with a battery of Newtonian elastic and viscous elements are required [181] . However, the separation of deformation into elastic, plastic, and viscous components can be difficult to achieve [182] .
Micromechanical models, based on a suitable analysis of subcritical microcracking within fracture mechanics, may contribute a link between the microcracking and macroscopic creep response [172] . Costin [183] proposed a microcrack model to represent the time-dependent deformation and failure of rock by introducing subcritical damage laws. Kemeny [184] developed a micromechanical model for subcritical crack propagation, by incorporating Charles' power law relation into a sliding crack model. e model reproduces the trimodal form of the creep curve, indicating that there is a critical density of microcracks at the onset of tertiary creep and realizing the time-to-failure prediction. Lockner and Madden [185] proposed a numerical model of multiple-crack interaction to simulate the failure process in solid materials containing a number of flaws. Lockner [156] derived a time-dependent model for the temporal evolution of strain and reproduced empirical laws between strain rate and stress during secondary creep. Golshani et al. [186] developed a micromechanics-based numerical model to examine the time-dependent microcracking and the evolution of the excavation damage zone (EDZ) around an opening. Konietzky et al. [187] proposed a numerical cellular automata approach based on subcritical crack propagation to predict the rock lifetime. Main [163] further developed the mean-field theory of damage mechanics and suggested a simple damage mechanics model for the apparently trimodal behavior of the strain and event rate dependence, by invoking a phase of strain hardening involving distributed crack damage and a phase of strain softening involving crack interaction and coalescence. Turcotte et al. [188] proposed a one-dimensional model based on a simple damage criterion. Amitrano and Helmstetter [189] proposed a numerical approach based on the one-dimensional model of Turcotte et al. [188] to model the time evolution of strain (three-creep phases), as well as the progressive damage localization before failure, by introducing an empirical time-to-failure law and the intrinsic heterogeneities of rocks at the microscale. Brantut et al. [190] developed a micromechanical model to describe the timedependent creep of water-saturated rocks under triaxial stress conditions. In this model, the incremental strains due to the extension of cracks in compression are derived from the sliding wing-crack model of Ashby and Sammis [191] , and the crack length evolution is calculated according to Charles' law. Xu et al. [192] proposed a two-dimensional numerical rheological model by using an exponentialsoftening law for the time-dependent brittle deformation of heterogeneous brittle rock under uniaxial loading conditions.
Rock Damage and Failure under Combined Rheological Load and Dynamic Disturbance.
e time-dependent effect of deformation, damage, and failure of deep rockmass is significant, even in hard rock [1] , which is considered as one of the most mechanisms for the delayed rockburst. Based on the instability analysis of plate and beam structures according to viscoelastic theory, Zhang [193] qualitatively explained the time-lagged rockburst. Xu et al. [194] discussed the occurrence prerequisite and time of rockburst in rheological strata. ese two theoretical models demonstrate the time-lagged instability triggered by dynamic disturbance.
In mining practice, time-delayed rockburst is considered to be closely related to rock damage after blasting. Even if blasting excavation may not trigger rockburst immediately, rockbursts often occur after it. e relationship between rockburst and blasting vibration in deep mining was intensively studied in South Africa [13] . e rockburst frequency within two hours after blasting was multiple times or even tens of times higher than that in other time periods. In the Hongtoushan copper mine in China, most rockbursts occurred within several hours after blasting [195] . In the construction of the auxiliary tunnel of Jinping-II hydropower station, it was also found that most of these rockburst events occurred within 2-3 hours after blasting [196] . Yan et al. [197] found that the disturbances from excavation particularly under blasting excavation have an important influence on the intensity and the scale of rock bursts. In this respect, excavation-induced rock instability, such as the time-delayed rockburst, can be considered as the unstable failure of rock under the combined quasi-static, dynamic, and rheological load.
In order to clarify the influence of dynamic disturbance on the rock rheology, Gao et al. [198] developed a testing machine to measure the response of rock under the combined rheological and dynamic loading. Zhu et al. [199] invented a stress relaxation-dynamic disturbance testing machine to study the rock damage and failure under stress relaxation and dynamic disturbance. Also, a damage-based constitutive model for rocks subjected to stress relaxation and dynamic disturbance is proposed based on damage mechanics.
erefore, based on the above literature review, it can be concluded that it is very necessary to study the rock damage mechanism under multiple strain rates, in order to clarify the failure mechanism of mining hazards such as rockbursts.
Governing Equations

Mechanical Equilibrium Equations.
e equilibrium equation for solid mechanics is given by Newton's second law. It is usually written using a spatial formulation in terms of the Cauchy stress tensor [200] :
where σ ij denotes the stress tensor, F i denotes the body force per unit deformed volume, ρ denotes the material density, u i denotes displacement, and t denotes time. is equation expresses the mechanical equilibrium in rock subjected to dynamic load. It could be used for quasi-static analysis when the acceleration term in the right-hand term is specified to zero.
Under the assumption of small displacements and rotations, the normal strain components and the shear strain components are related to the displacement as follows:
where ε ij denotes the strain tensor. For rocks under static or dynamic loading, the behaviors of them are assumed to be linear elastic. e strain tensor follows Hooke's law:
where E denotes Young's modulus, v denotes Poisson's ratio, and δ ij denotes Kronecker function σ mm � σ x + σ y + σ z . For rocks under rheological load, the behaviors of them are assumed to be nonlinear elastic. e strain tensor can be expressed by [198, 200] 
where ε c ij is the creep strain tensor. e creep strain rate is defined by [202] 
where S ij is the deviatoric stress tensor, A, m 0 and n 0 are experimentally determined parameters, and σ e is the effective stress, defined as
Differentiating Equation (4) with respect to time, the strain rate can be described by zε ij zt
Damage Evolution Equation.
As illustrated in Figure 2 , the damage of the medium in tension or shear is initiated when its state of stress satisfies the maximum tensile stress criterion or the Mohr-Coulomb criterion, respectively, as expressed by
where f t0 and f c0 are uniaxial tensile and compressive strength (Pa), respectively, ϕ is internal frictional angle, and F 1 and F 2 are two damage threshold functions. According to the elastic damage theory, the elastic modulus of an element degrades monotonically as damage evolves, and the elastic modulus of the damaged material is expressed as
where D represents the damage variable and E and E 0 are the elastic moduli of the damaged and the undamaged material (Pa), respectively. In this kind of numerical simulation, the element as well as its damage is assumed isotropic, so E, E 0 , and D are all scalar. According to Figure 2 , the damage variable can be calculated as [203] Shock and Vibration
where ε t0 and ε c0 are maximum principal strain in tension and maximum principal strain in compression when damage occurs, respectively, and n is a constitutive coefficient, and it is 2.0. In this respect, the damage variable calculated with Equation (10) is always from 0 to 1.0 regardless of what kind of damage it may suffer. However, in the damage zone figure, in order to distinctly display the two kinds of damage modes (i.e. tensile damage and shear damage); the tensile damage is represented as negative numbers, while the shear damage is represented as positive ones.
Equations (1)- (10) are implemented into COMSOL Multiphysics, a partial differential equation-based finite element modeling environment. us, the damage and failure process of rocks under multiple strain rates is studied. e validation of the numerical model and its numerical implementation has been presented in the previous publications [141, 199, 201] . e above damage model was also implemented into the RFPA (rock failure process analysis) code and was used to study the failure process of rock under multiple strain rates [125, 203] . RFPA-Dynamics is one of the RFPA versions in simulating the rock dynamics problems. As suggested in Zhu and Tang [203] , RFPA is effective in simulating the rock failure under quasi-static and dynamic loading when the rock heterogeneity is incorporated into the model. In this respect, the damage and failure process of rock can be vividly simulated and presented graphically, which facilitates clarifying of the rock failure mechanism.
Numerical Examples
Rock Damage and Failure under Combined Static and Dynamic Loading.
e damage and failure process of rock under combined static and dynamic loading under the SHPB test is simulated by using RFPA-Dynamics. e model used for the numerical simulation is shown in Figure 3 . e rock specimen is sandwiched between two steel bars (incident bar and transmission bar), and the stress is applied at the top surface of the incident bar. e incident strain measured during a SHPB test is used as the boundary input for the numerical simulation.
As shown in Figure 3 , the history of the incident stress (σ i ), reflected stress (σ r ), and transmitted stress (σ t ) can be obtained from the numerical simulation, in which the incident stress (σ i ) and reflected stress (σ r ) are retrieved from the stress history at Point B (25, 100) , and the transmitted stress (σ t ) is from Point F (25,400). In this study, the stresses retrieved with different methods are compared, where σ s (� (σ i + σ r + σ t )/2) is calculated, and σ ave is stress averaged over 5 typical points in the specimen (Figure 3(c) ).
In Figure 4 , the incident and reflected strains retrieved at Point C (25, 200) and the transmitted strain retrieved at Point F (25,400) are obtained from the numerical simulation and compared to the SHPB test results. e reflected wave is especially well reproduced. However, the magnitude of the transmitted wave is overestimated by the numerical simulation because of the complex strain wave attenuation during rock failure. In general, the acceptable agreement between the experimental and numerical results confirms the capability of RFPA-Dynamics in reproducing the failure process of rock during SHPB tests.
When different confining stresses are applied at the lateral surface of the specimen, the dynamic increase factor (DIF) of the rock strength calculated using σ ave varies considerably ( Figure 5 ). In this case, σ ave denotes the average stress distribution in the rock specimen, which is more reasonable to describe the stress condition in the rock specimen. First, it is found that the DIF increases with the rising confining stress. Under the confining stress, the DIF characterized by σ ave increases gradually until a peak and then decreases with static stress when the static stress p s approaches the uniaxial static compressive strength of rock σ c . In this regard, the rock strength denoted by σ ave shows a similar tendency to experimental response determined by Li et al. [204] . is variation of DIF that depends on static stress can be qualitatively explained as follows: when the static stress is low, the static stress enhances the DIF due to the confinement effect; however, under the higher-static stress that approaches σ c , the static stress may induce initial damage in the rock specimen, thus leading to the decrease of DIF.
Rock Damage and Failure Triggered by Dynamic Stress
Redistribution. During the excavation of underground opening, excavation may trigger sudden release of in situ stress, leading to strong disturbance to the surrounding rock masses. Some studies have revealed the necessity of studying the transient process of stress redistribution and related dynamic response. eoretical analysis indicates that during the dynamic unloading process, radial stress undergoes several smaller fluctuations and finally remains stable in the quasi-static secondary stress field (Figure 6(a) ). e dynamic 8 Shock and Vibration unloading induced by excavation could lead to tensioncompression alternation of stress adjacent to the excavation perimeter. Tangential stress increases rapidly and then decreases, undergoing several smaller fluctuations and remains stable finally ( Figure 6(b) ). e dynamic effect of stress redistribution is more substantial for the shorter unloading duration. In particular, when t 0 equals to 2 ms, the tensile stress is induced at about 4 ms. In contrast, when t 0 � 24 ms, the dynamic effect could be negligible, and thus tensile stress is never found. e consideration of dynamic unloading during the numerical simulation can increase the extent of the damage zone, which may become larger with the shorter unloading duration. For instance, as shown in Figure 7 , the depth of the damage zone may increase to 12.1 m and 13.4 m when the dynamic unloading with the duration of 24 ms and 2 ms is considered.
Rock Damage and Failure Induced by Blasting.
A damage model for rock blasting is developed, in which the blasting process is considered as two consecutive stages, i.e., the dynamic stage caused by the stress wave and the static stage caused by explosion gas pressure. As shown in Figure 8 , the blasting-induced damage agrees well with the laboratory experiment (Figure 8(d) ). It is confirmed that the blasting stress wave initiates the primary radial cracks (Figure 8(a) ), and the explosion gas pressure results in the increase of the crushed zone radius, extension of existing cracks, and creation of new radial cracks (Figures 8(b)-8(c) ).
As shown in Figure 9 , the blasting-induced crack is closely related to the in situ stress conditions, and the crack propagation direction coincides with the maximum compressive principal stress. Furthermore, the crack radius decreases with the increase of depth and in situ stress, denoting the confinement of in situ stress on the blastinginduced crack propagation in rock. 
Rock Damage and Failure Induced by Combined
Rheological Load and Dynamic Disturbance. e numerical simulation on the accelerating creep of rock triggered by dynamic disturbance is conducted, in which the effect of the creep stage and waveform of dynamic disturbance on damage and failure of rock is examined. e validations of the numerical model and constitutive parameters for the rock damage under rheological load and dynamic disturbance have been presented in previous publications [201] , so they are not repeated in this study.
e specific geometries and loading conditions for this model are shown in Figure 10 . e numerical simulations on creep tests were performed under three stress boundaries (p s � 0 MPa, 10 MPa, and 15 MPa, respectively) and sustained for 12 hrs. e dynamic loading conditions is a triangle-shape stress pulse p d (t), which is applied at the top boundary of the specimen after a constant static stress (p s ) is maintained on the specimen. Figure 11 shows the damaged zone during the creep of rock specimens triggered by dynamic disturbance. Damage of elements induces degradation of elastic modulus, and the elements totally damaged in the tensile mode are displayed as black. It is found that the incident stress wave travels downwards along the rock specimen. When amplitude of the impact load is 10 MPa and 20 MPa, although more new damages are created, the dispersely distributed damage did not propagate and coalesce with each other. When the amplitude p d � 30 MPa and duration p d � 80 μs, in addition to the initial damage zone induced by creeping stress, the damage of several elements is induced at t � 10 μs. When the incident stress wave travels downwards, at t � 50 μs, more cracks are initiated inside the rock specimen. At t � 70 μs, a visible damage zone formed because of the cluster of the inner damage. At time t � 80 μs, the damage zones passed through the rock specimen, and therefore the rock specimen fails completely. It is concluded that the rock will become more fractured with the increase of the input energy. As shown in Figure 11 (c), under the higher impact loading III, at t � 80 μs, the shear-type macroscopic failure pattern is observed.
Conclusions
e mining-induced disturbance is characterized as a multistrain-rate condition including transient unloading, quasi-static stress distribution, dynamic disturbance, and rheological loading. In this study, the damage and failure of rock under multiple strain rates is reviewed. Meanwhile, our study on numerical models of rock damage and failure under different strain rates over the past ten years is briefly summarized. e main conclusions and outlooks are presented as follows:
(1) During the SHPB test, the strength of rock under combined static and dynamic loads is generally higher than the static uniaxial compressive strength and dynamic uniaxial compressive strength. e combined static-dynamic strength of rock increases gradually with the increase of prestatic stress; however, it may decrease when the prestatic stress approaches the uniaxial compressive strength of rock. According to the numerical simulation, the mechanism responsible for the increase of rock strength under combined static and dynamic loading is explained. (2) In terms of rock blasting, it can be simulated as two consecutive loading stages: (a) dynamic loading applied by the blasting stress wave and (b) quasistatic loading applied by the expansion of explosion gas. e numerical simulation reproduces the initiation of cracks induced by the blasting stress wave and further propagation of cracks driven by the explosion gas pressure. Numerical simulation also indicates that the blasting-induced crack is closely related to the in situ stress conditions, and the crack propagation direction coincides with the maximum compressive principal stress. (3) e dynamic disturbance may trigger the unstable rheological deformation of hard rock, which is considered as one of the most mechanisms for the delayed rockburst. In this respect, numerical simulation reproduces the time-dependent damage and failure of rock under combined rheological load and dynamic disturbance.
e study on the multistrain-rate effect of rock induced by deep mining provides not only important scientific significance in understanding the deformation and damage mechanism but also wide perspectives in various rock engineering applications. is study summarized the unified constitutive equations proposed by the authors to describe the multistrain-rate response of rock from the low strain rate of rheology to high strain rate of dynamic impact. However, as suggested by Jing [27] ; full validation of the numerical model and numerical simulation in rock mechanics is always not possible and can at best be only partial. In this respect, our confidence in the numerical models can be raised when they are successfully calibrated against well-controlled laboratory and in situ experiments.
A lot of work needs to be done for development of this kind of damage model for rock under multiple strain rates. Firstly, some fundamental rock mechanic issues related to the multistrain-rate conditions of rock, such as strain-ratedependent failure criterion, strain-rate-dependent constitutive law, and continuous-discontinuous numerical simulation, should be studied further and validated for more loading conditions. In future, the 3D numerical simulation should be undertaken in order to capture the rock failure mechanism under real-mining conditions. Secondly, rockmass is a geological body characterized by discontinuousness, anisotropy, inhomogeneity, and not-elasticity (abbreviated as DAINE). Consequently, one of the major difficulties in the application of rock mechanics is the characterization of rockmass. is kind of numerical simulation should provide insights into the behavior of rockmasses by considering the rockmass structures and boundary conditions with chosen sophistication in rockmass parameters and engineering perturbations.
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